Research on science education indicates that students' understanding of new material depends on prior knowledge, which may include misconceptions of core concepts that hinder assimilation of new information and concepts (Bransford et al. 1999 ). Furthermore, a simple correction of the misconceptions by instructors seldom works. Research shows that: (1) misconceptions must be identified before they can be replaced with better understanding, and (2) then the misconceptions have to be challenged (often repeatedly) in a way that makes students reconstruct their understanding.
Research on science education indicates that students' understanding of new material depends on prior knowledge, which may include misconceptions of core concepts that hinder assimilation of new information and concepts (Bransford et al. 1999 ). Furthermore, a simple correction of the misconceptions by instructors seldom works. Research shows that: (1) misconceptions must be identified before they can be replaced with better understanding, and (2) then the misconceptions have to be challenged (often repeatedly) in a way that makes students reconstruct their understanding.
It is clear that students can enter and leave ecology courses with naïve understanding of ecology (Munson 1994) . For instance, many studies indicate that students do not understand the complexity of food webs, and thus, the implications for population dynamics, energy flow, and nutrient cycling. A review of research on ecological misconceptions reported studies of misconceptions related to the topics of food webs, ecological adaptations, carrying capacity, ecosystem, and niche (Munson 1994) . Other articles that have reported misconceptions included the topics of climate, energy flow, photosynthesis and respiration, species interactions, nutrient cycling, and pollution (Hogan and Fisherkeller 1996 , Eyster and Tashiro 1997 , Jeffries et al. 2001 , D'Avanzo 2003 . Challenging the misconceptions is crucial because the misconceptions "strike at the heart of a general understanding of ecology" and bolster resistance to addressing environmental problems (Munson 1994 ).
We wanted a relatively short pre-and postassessment of ecological misconceptions that we could use for a large-enrollment sophomore-level ecology course. We wanted to use the results as a guide as to how much course time and in what ways to address the most prevalent misconceptions. Prior to the third version of the pilot study that we report here, we piloted two other versions of a misconception survey. In the first one we used multiple-choice questions based on misconceptions reported in the literature. For example, one question examined the misconception that seasons are caused by distance from the Sun. Many people, even college-educated people in the USA, believe seasons are caused by distance from the Sun (despite the fact that, during the Northern Hemisphere winter, the Earth is actually at its closest to the Sun) (Wilson 2001) . Some students chose the best answer, in this case that the tilt of the Earth on its axis rather than distance from the Sun explains seasons, but when asked to explain their answer, said the tilt created a greater or lesser distance from the Sun (so winter or summer). When these students were asked how they arrived at their answer, some said they figured it out logically (e.g., tilt away from Sun should increase the distance, which it does but the effect is infinitesimal), and others said that they chose tilt because they learned it from a book or a past instructor. Tilt is right only if the student understands that it results in little or no spread of the Sun's rays in some places (summer) and considerable spread in others (winter). This concept is central to understanding how differential heating of the Earth's surface sets up the Hadley circulation cells, which in turn sets up the major precipitation patterns, and so is the major factor in the distribution of biomes.
In the second version of the survey, the conceptions (or misconceptions) were presented as short statements, with a five-choice Likert scale ranging from strong agreement to strong disagreement. Some exam-
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Our third article is about the relationship of seeing, hearing, reading, comprehending, and doing ecology (in an education setting) to the genuine understanding of ecology. Our thanks to authors Nancy Stamp, Michael Armstrong, and One of the problems was that students in ecology courses, having heard simple statements of ecological principles (e.g., food chain, balance of nature) in previous courses and the media, think that they understand what these statements mean when they don't. That is, the statement means one thing to them but something different, and often much more, to an ecologist. For example, the statement that competition plays a major role in shaping the species composition of biotic communities is often interpreted by students to mean that competitive exclusion resulting in extinction is the primary mechanism. Yet ecologists realize that competition functions as a selective pressure, with the result that over time species may exhibit a shift in functional niches, and thus competition is more likely to lead to greater biodiversity (Odum 1992) . Studies indicate that familiarity fools students into thinking they know more than they do, especially if they recognize key words (Willingham 2004) . Likewise, when students can recall part of the material or closely related information, they tend to feel that they know the answer (or will soon remember it). Believing that they know the material, students shift their attention elsewhere. Later, when tested, they either manage to guess correctly without real understanding of the material, or are confused about why they did poorly. Others found similar problems with textbooks presenting evolutionary concepts in too simplistic or abstract form, and with instructors verbally or in writing taking "linguistic shortcuts" (Anderson et al. 2002) .
That short or simple statements of ecological misconceptions do not work is not surprising given what ecology encompasses. In complex systems, such as an organism (composed of trillions of atoms), populations, communities, ecosystems and biosphere, we cannot provide enough evolutionary and ecological detail to describe outcomes mathematically, as one can in the physical sciences. Instead, in ecology, our predictions are often in terms of probabilities. Consequently, an ecological statement of the kind used, for instance, in physics (e.g., Newton's laws of motion applied to our experiences on Earth) is too simplistic. Furthermore, attaching qualifiers to a statement may make it too specific, and consequently, of less value in determining whether students have sufficient understanding, with the likelihood of correct application to a new situation.
These realizations led us to develop a third version of the survey that differed from the others in two ways. (1) Philosophically it was based on a summary of ecological "great ideas" developed by Odum (1992) , which provided a more sophisticated presentation of ecological concepts. (2) It presented each pair, conception and misconception, as a continuum, so students could choose "strongly agree" or "agree" for either the conception or the misconception, or could choose "don't know." One of the advantages that this approach provided was to present these more sophisticated statements of the conception and misconception side by side, and allow students to "qualify" their response by how much they agreed with one or the other statement. We added a set of evolution conceptionsmisconceptions that related to the course material, but which we did not directly address in the course. The set of evolution concepts served as a control. That is, we did not expect to see a change between the pre-and postsurvey responses, because research on misconceptions indicates that students tend to retain misconceptions unless they are directly challenged (Nazario et al. 2002) , and textbooks seldom provide the mental head-on collision necessary to force students to re-think their views (Smith et al. 1993 ).
The third version was used as a pre-and postassessment in a sophomore lecture-only ecology course with an enrollment of 175. The first third of the course was designed specifically to address ecological misconceptions, using the 5E teaching cycle (Engage, Explore, Explain, Elaborate, Evaluate [Bybee 1993 , Ebert-May et al. 1997 ) and the "power of story" (Stamp and Armstrong 2005) . For example, students drew concept maps of both web dynamics and population dynamics of focal organisms in Northeastern deciduous forest, and they re-drew the maps as they gained more information and understanding.
Assessment
Of the six paired statements about food webs, all were directly addressed in the classroom via examples. For all paired statements, there was a shift over the course from the incorrect and "don't know" categories to the correct category (Q1 through Q6 in Table  1 and Fig. 1 ). For instance, 79% of the students chose at the outset of the course: "Species in a food chain that don't interact directly can indirectly benefit each other." By the end of the course the percentage increased to 91%, the result of a shift from the incorrect and "don't know" categories. At the outset, 71% knew that "available energy decreases with each progression up a food web"; by the end of the course that increased to 87%. At the outset, 81% knew that "energy relationships reflect complex web linking of species within an ecosystem, as opposed to food webs being sets of simple food chains." By the end of the course, 99% of the respondents agreed with the statement. In three paired statements, there was also a shift within the correct answers from the "agree" to the "strongly agree" category.
Of the five paired statements about populations and interactions, all were directly addressed in the classroom via examples, but only two paired statements had a shift from the incorrect and "don't know" categories to the correct category (Q9 and Q11 in Table 1 and Fig. 1 ). At the outset of the course, 53% of the students knew that "as the intensity of per capita use of resources increases, the number of individuals that can be supported decreases," and by the end of the course that increased to 68%, with 12% fewer "don't knows." At the outset, 43% knew that "the evolution of mutualism increases when resources become scarce, as opposed to increasing when resources are at least moderately abundant, so that cooperation between species is easier." By the end of the course, 64% recognized the link between mutualism and scarce resources. The other three paired statements had a shift in the correct category from "agree" to "strongly agree." At the outset, 25% of the students who knew that "populations exist in a state of dynamic equilibrium" chose "strongly agree" and by the end of the course the proportion was 47%. At the outset, 27% who said "species have a unique niche but interact in dynamic ways, as opposed to species coexist because of their compatible needs and behaviors" chose "strongly agree," and by the end that increased to 44%.
Of the nine paired statements about ecosystems, five were directly addressed in the classroom via examples. Only one of those had a shift from the incorrect and "don't know" categories to the correct category (Q17 in Table 1 and Fig. 1 ). At the outset of the course, 88% of the students knew that "biotic and abiotic factors in an ecosystem are limited and affect carrying capacity of populations," and by the end that increased to 96%, mainly due to a reduction in "don't knows." Three of the paired statements showed a shift in the correct category from "agree" to "strongly agree." For instance, at the outset, 53% who said "varying the population size of a species affects an entire ecosystem, as opposed to only affecting other species that are directly connected through a food chain" chose "strongly agree," and by the end, that increased to 74%. For the four paired statements that were not addressed directly in the classroom, there was no shift over the course.
For the nine paired statements about evolution (Table 1) , we deliberately did not address these in the classroom. Our students typically have had 2-3 weeks of classroom time and 2-3 chapters of textbook readings about evolutionary processes in an introductory biology course. In the ecology course, the classroom and textbook material reinforced evolutionary concepts, but not specifically. Nonetheless, based on the difficulty in establishing understanding of concepts and eliminating misconceptions without methodically challenging them (Nazario et al. 2002) , especially relative to evolution (Bishop and Anderson 1990 ), we did not expect shifts in student response over the course. For eight of the paired statements, there was no shift over the course from the incorrect and "don't know" categories to the correct category. The shift that did occur was for the concept, "random mutation followed by natural selection can account for the evolution of any biological trait." At the outset, 69% of the students chose that and by the end of the course that increased to 79%, with a large reduction in "don't knows." Interestingly, for three of the paired statements, there was a shift in the correct category from "agree" to "strongly agree." For instance, at the outset, 38% of the students "strongly agreed" that "natural selection affects the increase or decrease in prevalence of traits in a population, as opposed to the idea that traits are passed on by bigger, stronger organisms that replace smaller, weaker ones"; by the end the proportion increased to 57%.
Overall, in comparison of the preassessment and postassessment, we found that when there were statistically significant shifts by individuals, it was from incorrect to correct answers. For example, all six of the questions concerning food webs (Q1-Q6 in Table  1 ) had a greater number of individuals who answered the question incorrectly for the preassessment but then correctly on the postassessment than vice versa. Consequently, there was a net gain of students toward the correct answers from pre-to postassessment.
Discussion and conclusions

Addressing misconceptions and obtaining sophisticated understanding
The greatest change in response between the preand postassessments was for conceptions that were directly addressed in class, in particular the food web conceptions. Part of the change was probably due to repeated exposure to concepts in interesting ways (Stamp and Armstrong 2005) . For example, the idea of food webs was discussed beginning on the first day of class, but without formal introduction, and later, after the food web lecture, references to food web concepts were still made throughout the course. In addition to simply spending class time on major concepts, key demonstrations or activities probably also contributed to the change in response. For instance, for food webs, students in front of the class held ends of string linked to other students and, when the instructor manipulated the food web, it provided a visual image of how all the players in an ecosystem can affect one another directly or indirectly. It also showed that some populations are affected more than others when the ecosystem is disturbed. As one student said after the course, "At least for me, this was an incredibly meaningful activity that contributed to overcoming misconceptions and internalization of the subsequent lecture material."
College students increasingly enter the classroom without experience and expertise in application and synthesis; furthermore, a common learning disorder is incomplete comprehension, or difficulty understanding concepts, terminology, issues, and procedures (Levene 2005). For the four paired statements about ecosystems that were not addressed directly in the classroom, there was no shift in response over the course. In these cases, with application and synthesis of classroom and textbook material, we thought a shift could occur, especially because the first third of the course was set up specifically to encourage application and synthesis. That a shift didn't occur for those paired statements indicated to us the importance of being more explicit with students about how to apply and synthesize classroom and textbook material. We concluded that we needed to demonstrate the process of application and synthesis many times.
Since all of the ecological concepts in the survey were addressed in the textbook, although in some cases subtly, our results suggest that the classroom material, which did not repeat textbook material, was what the students relied upon. This is problematic because there is no point in repeating the textbook material in class, especially when we need to use that time to develop students' skills in assimilating material into long-term memory, so that they can retrieve it appropriately (Handelsman et al. 2004 ). Furthermore, students don't want the textbook material repeated in the classroom (Light 2001) . Typically instructors assume that if students read the textbook they will be able to make the connections between the textbook material and different material presented in the classroom. Yet students do not seem to integrate readily material from the textbooks into the material provided in the classroom; students have to be taught the metacognitive skills needed to do that (D'Avanzo 2003). When students cannot or do not integrate textbook and lecture period materials, it is much more difficult to challenge and replace misconceptions.
Learning problems such as those described above can be addressed explicitly through a framework for fostering "intellectual character," or conglomeration of habits of mind, patterns of thought, and general dispositions toward thinking that not only direct but also motivate one's thinking-oriented pursuits (Ritchhart 2002) . Students of ecology need precisely these skills to tackle complex global issues, such as global warming, nitrogen saturation in soils, and invasive species. By combining two approaches, the power of story (Wilson 2002 ) and the 5E teaching cycle (Bybee 1993, Ebert-May et al. 1997), we have tested with good results a unit on Northeastern deciduous forest in the United States that addresses those learning problems and many of the ecological misconceptions (Stamp and Armstrong 2005) .
The assessment instrument
Because a short conceptual statement often cannot capture the variation in ecological systems that are expressed with probabilities, assessment of misconceptions is difficult. A survey that presents more elaborate, and thus sophisticated, statements of the conception and misconception side by side and allows students to qualify their response by how much they agree with one or the other statement can provide a more meaningful assessment.
However, we noticed that during exams students often asked for definitions of nonecological words that we assumed were in their vocabulary, such as "alleviate," "dynamic," "indiscriminate," "premise," "qualitative," and "ultimate." Therefore, for five of the paired statements about ecosystems, some words or terms, such as "thermodynamically," "source and sink," "oscillatory," "feedback," "set-point," "stochastic," and "self-organized," may not have been understood by the students. Although commonly used to describe ecological processes, these words were not used in the textbook, and we did not make a deliberate effort to use them in lectures. Although our undergraduates score well on national standardized tests (e.g., SAT average is 1250, or 250 above the national average), 30% of the students have English as a second language or parents with English as a second language, and thus, perhaps some of the students have a smaller "working" English vocabulary than we expected, at least as it may be used in ecology courses. Another explanation may be that students can do well on standardized exams because they study for them and have experience with those kinds of exams. But at least as a reflective intellectual activity, today's students (the Net generation) seem to be reading less (Oblinger and Oblinger 2005) , and so many of the current students may have poorer literacy (e.g., a smaller "working" vocabulary) than we assumed (Sum et al. 2002) .
Lastly, to develop a valid and reliable survey requires a complex iterative process (Anderson et al. 2002) . We are still developing this survey. We hope this report will stimulate others to try to address the problem of developing a sophisticated understanding of ecological (and biological) principles among students. Such an understanding can be developed by crafting statements of conception and misconception and instructional materials that facilitate development of the conceptions, and challenge (and thus eliminate) the misconceptions. We also hope that these results will help authors of ecology textbooks. In combination with other work (Stamp 2004 , Stamp and Armstrong 2005 , these results suggest that neither the "great ideas of ecology," nor the current sophisticated understanding that ecologists have, is presented in textbooks in a way that the "net generation" will assimilate readily. Concept: food webs 1) If a food chain occurs in a food web, species at each end of a trophic series do not interact directly but may indirectly benefit each other. 2) The numbers of individuals in the population of any species decreases with each step up the trophic levels because the available energy decreases, while body size generally increases with progression up a food web. 22) The initial appearance of a trait is determined by mutations occurring at random, and is thus not affected by whether the trait is needed for survival. 23) The order in the universe and the adaptations of organisms to their environments are a result of blind natural processes that took place without any plan or intelligent design. Notes: This table provides statements that were categorized "correct" in the pre-and postassessments. Students were provided with a correct and incorrect statement and asked to choose whether they "Strongly agree" or "Agree" with one of the statements of each pair or "Don't know." The incorrect statement in each pair was a negative form of the correct statement. Statement syntax followed the style of (1) Table 1 for a complete list of questions). Chi-square analyses were conducted, and all comparisons had P < 0.01, which is equivalent to the alpha required due to the number of multiple tests conducted. N (total correct and incorrect): Q1=151, Q2=151, Q3=150, Q4=149, Q5=150, Q6=151, Q9=150, Q11=150, and Q17=151. For the analyses shown here, "Agree" and "Strongly agree" for the correct answers were pooled, and "Agree" and "Strongly agree" for the incorrect answers were pooled.
